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Benzene is an established human leukemogen that
increases the level of chromosome aberrations in lym-
phocytes of exposed workers. Numerical aberrations
(aneusomy) can be observed by fluorescence in situ
hybridization (FISH) in both inferphase and meta-
phase cells. Whereas interphase FISH allows nondi-
viding cells to be analyzed, one advantage of meto-
phase FISH is that it can also detect structural
changes. The present study compares the abilities of
mefaphase and interphase FISH fo detect aneusomy
of chromosomes 7 and 8 in healthy benzene-exposed
human subjects. Metaphase and interphase cells from
the peripheral blood of 43 workers exposed to ben-
zene (median = 31 ppm, 8hr TWA) and 44 fre-
quency-matched controls were analyzed by FISH.
Normal diploid cells contained two hybridization sig-
nals, whereas those that were potentially monosomic
contained one, trisomic 3 and tetrasomic 4. The fre-
quency of cells with one hybridization signal for chro-
mosome 7 in metaphase spreads rose from 2.72 =
0.19 (%, mean = SE) in controls to 3.79 * 0.63 in

workers exposed fo 31 or fewer ppm benzene and
5.9 = 0.85 in those exposed to more than 31 ppm
(Prond < 0.0001). No similar dose-dependent in-
crease in the frequency of cells with one hybridization
signal was observed by interphase FISH, probably
because of probe overlap artfifact. Although signifi-
cant dose-dependent increases in the frequency of
cells with three hybridization signals for chromosome
7 were detected by both methods in the higher-ex-
posed group, a larger, more significant difference
was detected by metaphase FISH between controls
and workers exposed to 31 or fewer ppm. Similar
data were obtained for chromosome 8. Interphase
and metaphase FISH were moderately correlated for
three hybridization signals but not for one hybridiza-
tion signal in chromosome 7 or 8. In general, meto-
phase FISH was more sensitive in detecting both
monosomy and frisomy in the lymphocytes of exposed
workers. Environ. Mol. Mutagen. 34:260-268,
1999. © 1999 Wiley-iss, Inc.
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INTRODUCTION gain of a chromosome) are also commonly detected in

leukemia patients [Le Beau, 1990; Sandberg, 1990].

Benzene, an important industrial chemical and ubiquitous Traditionally, chromosome aberrations have been de-
environmental pollutant, causes leukemia and other bone
marrow disorders in humans [IARC, 1987]. Occupationat
exposure to benzene has been associated with increa&#eviations: FISH, fluorescence in situ hybridization; TWA, time-weighted
levels of chromosome aberrations in human |ymphocyté§erage; SD, standard deviation; SE, standard error; NS, not significant.
[Dean, 1985; Major et al., 1994]. Aneusomies of C-groufontract grant sponsor: National Institute of Environmental Health Sci-
chromosomes (chromosomes 6-12 X) have been obserE%%?S; Contract grant numbers: RO1 ES06721, P42 ES04705, and P30

. . . . 1896; Contract grant sponsors: National Cancer Institute; California
in pancytopenic benzene-poisoned patients and benzefg;onmental Protection Agency.

induced case_s of myelodyspl.astlc Syndromes_ and myel()g(%rrespondence to: Dr. Martyn T. Smith, School of Public Health, 140
nous leukemia [Aksoy, 1988; Wolman, 1977; Forni et @lwarren Hall, University of California, Berkeley, CA 94720-7360,
1971; Van den Berghe et al., 1979; Ding et al., 1983]. Thegamail: martynts@uclink4.berkeley.edu

numerical changes in C-group chromosomes, for exampi&ceived 19 December 1998; provisionally accepted 19 March 1999; and
monosomy 7 (the loss of a chromosome) and trisomy 8 (thefinal form 14 September 1999
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tected through conventional cytogenetics. However, thignimal exposure to toluene and other aromatic solvents in Shanghai,
procedure has several drawbacks for the detection of Ch@_ina, in October 1992. The same number of healthy controls without

e rrent or previous occupational exposure to benzene were enrolled from
mosome-specific aneusomy. For example, the cells mustcﬁq rorp pational exp
factories in the same geographic area. Controls were frequency-matched to

cultured to make metaphase spread_s, a limited numb_("‘fr (3Rs exposed subjects by gender and age (5-year intervals). Exclusion
100) of scorable cells can be examined, and recognition ®iteria for all subjects were history of cancer, therapeutic radiation, che-

specific chromosomes is problematic. These problems gagtherapy, or current pregnancy. Factories for exposed subjects were
now be overcome by using fluorescence in situ hybridizé‘i'eCted so that the study population would have a wide range of exposures

. . ioe 0 benzene similar to exposure patterns in a larger cohort study [Yin et al.,
tion (FISH) to measure aneuploidy of specific chromosomé 96: Hayes et al., 1997].

in large numbers of interphase cells and metaphase spreade protocol was explained to all potential participants and informed

[Eastmond and Pinkel, 1990; Gray and Pinkel, 1992].  consent was obtained using Institutional Review Board—approved proce-
FISH has several advantages over conventional cytogersires. Each subject was administered a questionnaire by a trained inter-

ics, including selectivity of specific DNA probes, mu|tip|eviewer. Data collected included age, sex, current and lifelong tobacco use,

current alcohol consumption, medical history, and work history. Height

color labeling, sensitivity of detection, and speed of mlcr%-nd weight of each subject were measured. Peripheral blood was obtained

scopic analysis. Interphase FISH, in particular, offers seveggl phiebotomy: blood from one individual could not be successfully
advantages over classical cytogenetics [Eastmond et al., 1996ifured and FISH results are reported here for 87 subjects.
First, interphase FISH allows analysis of nondividing cells.
Second, a much larger number of cells, potentially 1000 I
. . . xposure Assessment

more, may be analyzed. Third, the detection of aneuploidy 1S
facilitated simply by counting the number of labeled regions individual exposure was monitored by organic vapor passive dosimetry
representing a particular chromosome of interest within tthedges (3M #3500, St. Paul, MN), which were worn by each worker for a full
isolated interphase nucleus. Metaphase FISH, on the otW@fkshift on 5 separate days during the 1 to 2 week period prior to phiebot-
hand, can readily detect structural rearrangements in additg' Badges were analyzed by gas chromatography with flame ionization

. etection. An 8-hr time-weighted average (TWA) exposure was calculated for
to aneupl0|dy. Furthermore, because metaphase FISH, | zene as the geometric mean of the five air measurements. Current expo-
classical cytogenetics, analyzes dividing cells, the results frafiites to benzene were confirmed by the analysis of phenol and other metab-
these two methods may be directly compared, A number difes in urine [Rothman et al., 1996]. A detailed assessment of factory records
studies have determined that FISH is both more sensitive & operations showed that no other known marrow-toxic chemicals or phys-
convenient than classical cytogenetics [Poddighe etal. 19 | agentg we|’fe present in these workplaces._ Historical _benzene .exposure

. uring subjects’ employment at the study factories was estimated using work

Kadam et al., 1993; Kibbelaar et al., 1993]- Therefore, FISFﬁ's:tories obtained by interview, company employment records, and factory
appears to be the more suitable method for large-scale pogidords as previously described [Rothman et al., 1996]. All exposure assess-
lation biomonitoring, which requires a convenient assay withent was performed blinded with respect to FISH analysis.

the ability to ana|yze many cells from a Iarge number of Personal benzene air levels in these factories were much higher than had
subjects in the general population been expected, based on historical area monitoring data. As a direct result

. of this study, remedial action was taken at the two workplaces with the
Using metaphase FISH, we have recemly found that th@hest benzene exposures and included substitution of toluene for ben-
peripheral blood cells of workers exposed to benzene haxge, enclosure of reaction vessels, and improvement in ventilation.
higher levels of leukemia-specific aberrations, such as t(8;
21) [Smith et al., 1998], del(5q), del(7q), and monosomy,
and trisomy 7 [Zhang et al., 1998a]. As part of this ongoing °
investigation, we have also used interphase FISH to deteaiihole blood collected in a vacutainer with the anticoagulant heparin was
aneusomies in the C-group chromosomes 7, 8, and 9 awtred in RPMI-1640 medium supplemented with 15% fetal bovine serum,
have previously published the data for chromosome 18 penicilin-streptomycin, 1%-glutamine (Gibco, Grand Island, NY), and
6 phytohemagglutinin-P (Pharmacia, Piscataway, NJ). Blood cells were

. 0,
[Zhang et al., 1996a]. The fact that aneusomies of Chrorqj(r?éa]bated at 37°C in a 5% G@noist atmosphere and harvested at 72 hr after

_Somes 7 and 8 were determined by both metaphase e initiation. Colcemid (0.3ug/ml) was added 4 hr prior to harvest to
interphase FISH allowed us to compare the data producgfhin a sufficient number of metaphase spreads (for metaphase FISH only).
by these two methods. The aim was to establish whigffter hypotonic treatment (0.075 M KClI) for 30 min at 37°C, the cells were
approach was more sensitive in the detection of benzefigrd three times with freshly made Carnoy’s solution (methanol:glacial acetic
induced aneuploidy, a potential biomarker of early effect, gﬁld = 3.1)._The fixed cells were othen droppe_d onto prelabeled glass slides,
allowed to air-dry, and stored at20°C under a nitrogen atmosphere. Prepared
lower _levels of eXPO_SUfe- Ol’!r data show that_ metaph%ﬁes were later shipped on dry ice to the United States.
FISH is more sensitive than interphase FISH in detecting

both benzene-induced monosomy and trisomy.

od Cell Cultures and Slide Preparation

Fluorescence in Situ Hybridization (FISH)
MATERIALS AND METHODS Metaphase FISH

Subject Enrollment A digoxigenin-labeled chromosome 7 probe and a biotinylated human
painting probe specific for chromosome 8 were purchased from Oncor Inc.
Identification of factories and enroliment of study subjects have be¢Baithersburg, MD). The two probes were used separately on metaphase
previously described in detail by Rothman et al. [1996]. Biological samplepreads prepared from cultured lymphocytes. The chromosome 8 painting
were collected from 44 healthy workers currently exposed to benzene wjifobe was prewarmed for 5 min at 37°C, denatured for 10 min at 70°C, and
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then preannealed for 2.5 hr at 37°C prior to hybridization with cellulan all exposed workers to those in controls led to the same overall
DNA. The chromosome 7 probe, on the other hand, needed no preanneahclusions and are not presented in this report. Summary data for aneu-
ing prior to hybridization. Denaturation of cellular DNA, hybridizationploidy of chromosomes 7 and 8 within these exposure groups are presented
with DNA probes overnight, postwashing of slides, and detection dfy the mean of the number of aberrations per 100 cells scored for each
hybridization signals were the same as recently described in detail [Smétbject and the standard error. Each measure was normalized by a square

et al., 1998; Zhang et al., 1998b]. root transformation and a test for trend was performed by linear regression.
Aneuploidy values in controls were compared to values in lower- and
Interphase FISH higher-exposed workers by analysis of variance. All models contained age

and sex, the original matching variables. There was no evidence of con-

A digoxigenin-labeled human centromeric cocktail probe specific f%unding by current or previous tobacco use, alcohol use, or body mass

chromosome 7«-satellite) and a biotinylated centromeric probe for Chrol'ndex, and these were excluded from final models. Spearman rank order

mosome gd'sate"'te) were also purchased from Oncor Ir_lc. A d_uaI'COIOEorrelation was used to test the relationship between the interphase and
hybridization of chromosomes 7 and 8 was performed in the mterpha\%%taphase FISH assays

cells for this study. Detailed procedures for FISH with repetitive DNA

probes have been described previously [Zhang et al., 1994, 1996a]. Briefly,

the chromosome probes were mixed with sonicated salmon sperm CarWSULTS
DNA in Master Mix 2.1 solution (55% formamideKISSC/10% dextran
sulfate). The probe DNA was denatured at 70°C for 5 min and cellul
DNA denatured in 70% formamide inSSC (0.3 M sodium chloride and
0.03 M sodium citrate, pH 7.0) at 72°C for 2 min. After rapid removal t
ice, the mixture of probes was then hybridized with target DNA overnight

at 37°C in a humidified chamber. The slides were then postwashed inEXP0sed workers (= 44) and controls (n= 44) had
0.5XSSC at 72°C for 5 min followed by three brief washes in 0.1 Msimilar demographic characteristics. Forty-eight percent of
phosphate buffer (pH 8.0) at room temperature. The hybridization signgach group were women. The mean age of the exposed
were detected in a dual-color detection solution withudml rhodamine- group was 35.3- 7.8 (meant SD) and that of the controls

conjugated antidigoxigenin antibody (Boehringer-Mannheim, Indianapol 4 L
IN) and 10 pg/ml FITC-avidin (Vector, Burlingame, CA) in phosphate\%as 35.4% 7.3. None of the women in either group smoked,

buffer for 15 min at 37°C. After the slides were washed three times for@Ut 21 0f 23 men in both the exposed and control groups
min at a time in phosphate buffer with intermittent agitation at roorivere smokers. The exposed males smoked 11.0.8
temperature, the nuclei of cells were counterstained with a blue quoresceigarettes/day and nonexposed smoked 13.83.7 ciga-

dye 4,6-diamino-2-phenylindole (DAPI, Oudg/ml; Sigma, St. Louis, MO) rettes/day. Both groups had a low mean alcohol intake:
prepared in & mounting medium (Vector). 1.5 + 3.2 drinks/week among exposed workers and .4
2.2 drinks/week among controls. The workers exposed to
benzene had worked in their respective factories for a mean

. N .
scope equipped with epifluorescent illumination and aX1.@@ immersion %f 6.3+ 4.4 years, with & range of 0.7 t0 16 years.

lens. A triple-bandpass filter for DAPI/FITC/Texas Red (excitation at 405,

490, and 570 nm; emission at 460, 525, and 635 nm) was used'.Tegmparison of Metaphase and Interphase FISH in
digoxigenin-labeled probe was stained red (chromosome 7) and the biotin- A Il h - A . |
labeled probe, green (chromosome 8). Normal interphase cells had two R@fecting Cells With One Hybridization Signa

and two green signals on a blue nucleus background. All the stained slides . . .

were randomized and coded prior to scoring. Samples of 1000 cells perlN this study we applied both metaphase and interphase

subject were scored for the presence of fluorescent probe signals in ekdBH assays to detect aneusomy of chromosomes 7 and 8 in

nucleus. Both the number of interphase nuclei with zero, one, two, threle lymphocytes of workers exposed to benzene and

four, and five or more spots per probe and the total number of scored C‘ﬂ‘ﬁatched controls. The frequency (%) of cells with one

were recorded on a specially designed scoring sheet. Detailed scor'n)?bridization sianal for chromosome 7 in metaphase

criteria for interphase cells were described previously [Zhang et al., 1994} 9 . P

In general, over 99.5% of the interphase cells showed one, two, three Sr€ads rose from 2.72 0.19 (mean+ SE) in controls to

more in situ hybridization signals in all preparations. 3.79+* 0.63 (39% increase, not significant [NS]) in workers
For efficiency, all scorable metaphase spreads on each slide were asmgposed to 31 or fewer ppm benzene and-5.0.85 (117%

lyzed and a minimum of 200 cells per subject were scored. Metaphase CﬁHEreaseP < 0_0001) in workers exposed to more than 31
were considered scorable if they met specific criteria [Smith et al., 1998:

Zhang et al., 1998b]. The total numbers of scored metaphase spreads f%W‘ benzeneReng < 0'000]_" Fig. 1a). In contrast, inter-
the 87 subjects were 30,200 for chromosome 7 (average 347 ceIIs/suijé?)ase_ Fl_SH detected no evidence O_f a dose'res_po_nS? rela-
and 42,082 for chromosome 8 (average 483 cells/subject). tionship in the frequency of cells with one hybridization

signal for chromosome 7 (controls, 15.951.07%; =31
ppm, 15.58+ 1.29; and>31 ppm, 17.22+ 1.51, Fig. 1a).
The frequencies of cells with one hybridization signal for
Study subjects were divided into controls, workers exposed to 31 6hromosome 7 detected by interphase FISH were substan-
fewer ppm benzene as an 8-hr TWA (the median exposure), and worktiglly higher in all groups than by metaphase FISH (e.g.,

exposed to more than 31 ppm as an 8-hr TWA in order to study dosg5 95 vs. 2.72, respectively, among controls), probably due

response relationships and the ability of each technique to detect diﬁ%- probe overlap artifact in interphase cells
ences between the lower exposed and unexposed controls. We have preS. ilarlv. the f f cell ith ’ hvbridizati
viously shown that these exposure categories strongly correlate with imilarly, the frequency or cells with one hybridization

urinary benzene metabolite levels and various measures of hematotoxi§tgnal for chromosome 8 in metaphase spreads rose from
[Rothman et al., 1996]. Initial analyses comparing aneuploidy frequencibs76 * 0.48 in controls to 6.26- 0.59 (8.7% increase, NS)

Bemographic Characteristics of the Study
Populations

Aneusomy Detection and Criteria

Statistical Analyses
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Fig. 1. Monosomy of chromosomes &)(and 8 p) detected by both metaphase and interphase FISH in Chinese workers exposed to benzene and
matched controls. Data presented are mean monosomy frequency (%). Error bar represents SE. Black bar represents control, dark shaded bar repres
31 or fewer ppm group, and light shaded bar represents greater than 31 ppm group. A significant dose response was observed in monosomy 7 (a)
metaphase cell$(.,q < 0.0001), but not in interphase cells. Likewise, a significant dose response in monosomy 8 (b) was observed in metaphase cells
(Pyeng < 0.001), but not in interphase cells.

in workers exposed to 31 or fewer ppm benzene and &.85signal for chromosome 8 (Fig. 1b). The frequencies of cells

1.03 (54% increasd? < 0.001) in those exposed to morewith one hybridization signal for chromosome 8 detected by

than 31 ppm benzen®(..q < 0.001, Fig. 1b). Here again, interphase FISH were much higher in all groups compared

interphase FISH detected no evidence of a dose-responsth those detected by metaphase FISH (e.g., 14.97 vs. 5.76,
relationship in the frequency of cells with one hybridizatiomespectively, among controls).
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Comparison of Metaphase and Interphase FISH in with three hybridization signals for chromosome 7 in meta-
Detecting Cells With Three Hybridization Signals phase spreads rose from 0.870.09 in controls to 1.38
0.20 (59% increasd&? < 0.05) in workers exposed to 31 or
Increased frequencies of cells with three hybridizatiolewer ppm benzene and 1.92 0.34 (121% increasd <
signals could be detected in benzene-exposed workers®§001) in workers exposed to more than 31 ppm benzene
both metaphase and interphase FISH. The frequency of célg,,q< 0.0001, Fig. 2a). Similarly, the frequencies of cells
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Fig. 2. Trisomy of chromosomes &) and 8 p) detected by both metaphase and interphase FISH in Chinese workers exposed to benzene and matched
controls. Data presented are mean trisomy frequency (%). Error bar represents SE. Black bar represents control, dark shaded bar represents 31 or fe
ppm group, and light shaded bar represents greater than 31 ppm group. Significant dose responses were observed in trisomy 7 (a) and trisomy 8 (b)
both metaphase and interphase cells. The significance of the test for trend was higher in metaphase cells for both trisonf, 4,a7d080001) than

in interphase cellsRng < 0.001 for trisomy 7 andP..q < 0.01 for trisomy 8).
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with three hybridization signals for chromosome 7 detectd@lSCUSSION
by interphase FISH showed a significant dose-response re-
lationship Pyeng < 0.001, Fig. 2a). However, the increase FISH is now a widely used tool in the analysis of chro-
over controls (0.76- 0.07) detected in interphase cells ofnosomal changes in human cancers, including leukemias,
workers exposed to 31 or fewer ppm (0.880.10, 29% and in prenatal diagnostics. It has also been extensively used
increase, NS) and more than 31 ppm (1:290.16, 70% to analyze chromosomal damage induced by exposure to
increase,P < 0.01) was somewhat smaller than that ddenizing radiation. One advantage of FISH over conven-
tected in metaphase spreads. tional cytogenetics is that it can be utilized to analyze both
Increased frequencies of cells with three hybridizatiometaphase spreads and interphase cells. The FISH-based
signals for chromosome 8 in benzene-exposed workesalysis of interphase cells is mostly limited to the detection
could also be detected by both FISH assays. The frequemmfynumerical chromosome changes or specific rearrange-
of cells with three hybridization signals for chromosome &ents. Interphase FISH cannot readily detect the more
in metaphase spreads was increased from 6:80.09 in general structural aberrations observable through metaphase
controls to 1.08+ 0.13 (35% increase, NS) in the 31 oranalysis. However, it has a number of advantages, includ-
fewer ppm exposure group and 1.880.22 (132% increase, ing: (1) analysis of nondividing cells; (2) analysis of a larger
P < 0.0001) in the greater than 31 ppm grolf,{.q < number of cells; and (3) easy detection of aneuploid cells.
0.0001, Fig. 2b). Although the frequency of cells with threBespite these advantages, there have been few direct com-
hybridization signals for chromosome 8 detected by inteparisons of interphase and metaphase data. Therefore, as
phase FISH showed a significant dose-response relationgb@pt of an ongoing biomarker study of benzene-exposed
(Pyeng < 0.01, Fig. 2b), there was essentially no differencerorkers in China, we have directly compared the abilities of
between frequencies in the controls (0.860.09) and the interphase and metaphase FISH to detect chromosomal
lower-exposed workers (0.8% 0.09), but a significant changes in the peripheral blood of these otherwise healthy
increase (58%P < 0.01) was detected in the greater thamorkers. Because exposure to the leukemogen benzene has
31 ppm group (1.36- 0.17). previously been associated with changes in C-group chro-
mosomes, and aneusomy of chromosomes 7 and 8 are
commonly observed in leukemia, we employed FISH to
Frequency of Cells With Zero and Four or More analyze numerical changes in these two chromosomes.
Hybridization Signals We found that metaphase FISH could sensitively detect
loss of chromosomes 7 and 8 associated with benzene
Frequencies of cells with zero hybridization signals foexposure, whereas interphase FISH could not. This result is
chromosomes 7 and 8 were very low as detected by batht surprising, given the well-known problem in interphase
interphase FISH (0.036% and 0.021%, respectively) awdlls of probe overlap artifact, which makes detection of
metaphase FISH (0.023% and 0.019%). These results incirtomosome loss highly difficult. The overall increase in
cate that the hybridization efficiency for both chromosoméderequencies of cells with one hybridization signal for chro-
was very high in both interphase and metaphase cellsosome 7 observed by metaphase FISH was greater than
Frequencies of cells with four hybridization signals werthat for chromosome 8, and changes at lower levels of
0.20 and 0.21%, respectively, for chromosomes 7 and 8arposure were more marked for 7 than for 8. Metaphase
interphase cells and 0.65 and 0.43%, respectively, for chfelSH also detected significant dose-dependent increases in
mosomes 7 and 8 in metaphase spreads. Over 85% of ctiks frequency of cells with three hybridization signals on
with four signals were actually tetraploid by both FISHthromosomes 7 and 8 associated with benzene exposure.
methods. The frequency of cells with more than four hyFhese cells are most likely hyperdiploid and trisomic for at
bridization signals was extremely low: 0.005 and 0.004% Hgast one chromosome. Again, at lower levels of exposure
interphase FISH, and 0.026 and 0.024% by metaphgse31 ppm), the increase in the frequency of cells with three
FISH, for chromosomes 7 and 8, respectively. hybridization signals for chromosome 7 was greater than
that for chromosome 8.
In order to investigate further the sensitivity of metaphase
Correlation Between Interphase and FISH at low-exposure levels, we analyzed the data from a
Metaphase FISH subgroup of seven workers who had an overall 8-hr TWA
less than 10 ppm benzene (based on 5 days of measure-
As expected, there was no correlation between interphasents, none of which exceeded 30 ppm). The frequency of
and metaphase FISH data for frequencies of cells with opells with three hybridization signals on chromosome 7
hybridization signal for chromosomes 7 andr8< —0.01 detected by metaphase FISH in this subgroup (1.0.21)
and—0.17, NS, respectively). In contrast, there was a moudsas significantly higher (95% increade,< 0.01) than in
est correlation between interphase and metaphase datacfamtrols (0.87+ 0.09). In contrast, there was no evidence
cells with three hybridization signals for chromosomes that any other measure of aneuploidy differed between this
(r = 0.28,P < 0.01) and 81( = 0.42,P < 0.0001). subgroup and controls. These results suggest that chromo-
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some 7 is more sensitive to the effects of benzene thaoring workers exposed to concentrations of benzene at or
chromosome 8, especially at lower-exposure levels. Thear occupational standards in this and other countries. We
reasons for this apparently greater sensitivity remain unclese currently planning additional biomarker studies of
at this time, but we have previously observed that chromtmwer-exposed workers to test further the utility of meta-
some 7 is more sensitive to the aneuploidy-inducing effegidase FISH in the biological monitoring of benzene expo-
of benzene than chromosomes 1 and 5 [Zhang et al., 1998&aire. Other groups are working on improving the sensitivity
Potential explanations for this phenomenon may include tbé interphase FISH by using bromodeoxyuridine to label
possibility that benzene and its metabolites cause greatgcling cells, allowing for differentiation of cycling and
telomere elimination on particular chromosomes, which hasncycling interphase cells. This appears to be a very prom-
been shown to lead to selective chromosome loss [Sandsihg approach.
and Zakian, 1993]. Our published results showing that ben-One issue that must be addressed is the apparently high
zene and its metabolites increased telomere elimination @ies of monosomy (cells with one hybridization signal) and
chromosome 7 along with the loss of the chromosome frisomy (cells with three hybridization signals) reported in
healthy exposed workers and in cultured lymphocytes supetaphase cells in the present study compared with rates
port this hypothesis [Zhang et al., 1998a,b]. Further, it habtained by classical cytogenetics. The high rates of appar-
been shown that telomerase, an enzyme that synthesigasmonosomy and trisomy most likely result from the fact
telomeric DNA onto chromosomal ends, was highly actthat we examined all scorable metaphases on the slides, as
vated among acute myeloid leukemia patients with monpreviously defined [Zhang et al., 1998Db], rather than just the
somy 5 and 7 cytogenetics [Zhang et al., 1996b]. Anoth&0 best. This approach accounts for the difference between
potential explanation for the apparently greater sensitiviur data and the much lower numbers generated by conven-
of chromosome 7 is that the spatial positioning of thgonal analysis of a limited number of high-quality meta-
chromosomes during prometaphase may be disrupted fdhase spreads. When we reexamined around 50 of the best
benzene exposure, leading to selective chromosome gaiataphase spreads by FISH in three subjects with high
and loss [Nagele et al., 1995]. aneuploidy rates, we detected very few aneuploid cells. In
Interphase FISH was also able to detect significant dogaet, on average, the rate of aneuploidy was several-fold
dependent increases in frequencies of cells with three Hgwer in the best 50 metaphase spreads compared with those
bridization signals for chromosomes 7 and 8, but thef lower quality (data not shown). Therefore, using FISH to
changes detected were less marked than those observeaimlyze only the best quality spreads would have yielded a
metaphase FISH. The reason for this result may be thHawver aneusomy rate comparable to rates obtained by clas-
interphase FISH examines noncycling as well as cyclirgical cytogenetics. The high values we report here and
cells, whereas metaphase spreads necessarily include @tewhere result from our scoring poor-and medium- as well
cycling cells. Cycling cells would be expected to havas high-quality spreads. This approach appears to increase
higher levels of aneuploidy than noncycling cells becauseir power to detect chromosomal damage in exposed pop-
genetic damage caused by the chemical exposure has balations, but does not allow for ready comparison of our
expressed during division. The lower sensitivity of interdata with measurements of aneuploidy by conventional
phase FISH is not explained by a lower hybridization effieytogenetics or even by FISH in the best metaphase spreads.
ciency in interphase cells than in metaphases. The hybrid-The high values of approximately 15% for interphase
ization efficiency in interphase cells was greater tharells with one hybridization signal result from the fact that
99.5%. Interphase FISH could not detect changes in therapid scoring approach with nonrestrictive criteria was
frequency of cells with one hybridization signal, mostlyapplied. According to our criteria, where two hybridization
because of the problem of probe overlap, which is resposignals overlap and cannot be separated by adjusting the
sible for up to 90% of observable monosomy detected ligcus, they are counted as one signal. This leads to a high
interphase FISH [Eastmond and Pinkel, 1990]. Thus, thdevel of apparent monosomy, more than 80% of which
was no correlation between frequencies of one hybridizatipnobably reflects probe overlap artifact and not “true”
signal detected by metaphase and interphase FISH. Therenosomy. The application of more restrictive criteria and
was, however, a modest correlation between the frequenaéegensive efforts to separate signals can reduce the average
of cells with three hybridization signals detected by the twtmonosomy” levels to 4% or less. Thus, our assessment of
methods. the ability of interphase FISH to measure chromosome loss
The generally lower sensitivity of interphase FISH iimay have underestimated its value relative to metaphase
detecting changes in the frequency of cells with three hi#iSH. Efforts should be made to improve the ability of
bridization signals suggests that this techniqgue may neednterphase FISH to detect chromosome loss, since it is
be modified for monitoring workers exposed to levels dpplicable to many more cell types than in metaphase FISH.
benzene lower than those studied here, which were quidlewever, in dividing blood cells, the high sensitivity of
high (median TWA= 31 ppm; U.S. permissible exposuremetaphase FISH makes it the method of choice for analysis
level = 1 ppm). Metaphase FISH, on the other hand, apf chromosome loss.
pears more sensitive and may be a useful method for mon+¥inally, this and prior reports from our group [Zhang et
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al., 1996a; Smith et al., 1998; Zhang et al., 1998a] clearly 1993. Combination of classical and interphase cytogenetics to in-

demonstrate that benzene exposure is associated with in- Vvestigate th7e _bi‘;"li/?ﬁ’ Ef ";Y;'Oidlgizzg’e;;dEteC“O” of masked
. monosomy /7 In . Leu es . —, .

creased Ie\.le.ls of aneuploidy at qoses that_ do not cause 0Y<$b%elaar RE, Mulder JW, Dreef EJ, van Kamp H, Fibbe WE, Wessels

hematotoxicity. Whereas previous studies have demon-  ; geyerstock GC, Haak H, Kluin PM. 1993. Detection of

strated aneuploidy in workers with benzene poisoning and  monosomy 7 and trisomy 8 in myeloid neoplasia: a comparison

severe clinical symptoms [Pollini et al., 1969; Forni et al., of banding and fluorescende situ hybridization. Blood 82:

1971], several major studies applying conventional cytoge-  904-913.

netics in healthy workers exposed to lower benzene |evéf>sBeau MM. 1990. Chromosomal abnormalities in hematologic malignant

have been unable to detect chromosome changes [Yardley- diseases. In Mendelsohn ML, Albertini RJ (eds): Progress in Clin-

N ical and Biological Research: Mutation and the Environment. New
Jones et al., 1990; Major et al., 1994; Tompa et al., 1994].  vork: wiley-Liss, pp 325-335.

The limited sensitivity of classical cytogenetics probablyiajor J, Jakab M, Kiss G, Tompa A. 1994. Chromosome aberration,
explains its inability to detect aneuploidy, which we have sister-chromatid exchange, proliferative rate index, and serum thio-
shown can be detected by both interphase and metaphase cyanate concentration in smokers exposed to low-dose benzene.
FISH, in otherwise healthy workers exposed to benzene. In Environ Mol Mutagen 23:137-142.

icul h FISH hold . bi K ele R, Freeman T, McMorrow L, Lee HY. 1995. Precise spatial
particular, metaphase olds promise as a biomarker o positioning of chromosomes during prometaphase: evidence for

early effect in detecting aneuploidy in workers exposed t0  chromosomal order. Science 270:1831—1835.

levels even lower than those studied here. Poddighe PJ, Moesker O, Smeets D, Awwad BH, Ramaekers FC, Hopman
AH. 1991. Interphase cytogenetics of hematological cancer: com-
parison of classical karyotyping and situ hybridization using a

ACKNOWLEDGMENTS panel of eleven chromosome specific DNA probes. Cancer Res
51:1959-1967.

The authors are indebted to the study subjects and thadlini G, Biscaldi GP, Robustelli della Cuna G. 1969. [Chromosome
staff of the Chinese Academy of Preventive Medicine, Bei- changes of the lymphocytes discovered after five years in subjects

. . . . - . with benzolic hemopathy.] Med Lav 60:743-758.
jing, and .the S.hanghal Hygleng and Antl_Epldeml(.: C(?mteFEbthman N, Li G-L DoseFr)nec}i/}\/I Bechtold W, Marti GE, Wang Y-Z
Shanghai, China, for their assistance and participation In- " o/'m xi L’_Q LuW. Smith MT. Titenko-Holland N Zhang'

this study. We also gratefully acknowledge Pravina Ven- | Biot w, Yin S, Hayes R. 1996. Hematotoxicity among Chi-
katesh and Weihong Guo for their assistance in preparing nese workers heavily exposed to benzene. Am J Ind Med 29:
sample slides and Barton Bowers for his help in preparing  236-246.

the manuscript. We are grateful to Dr. David Eastmond al§§ndberg AA. 1990. The chromosomes in human cancer and leukemia.

. . . New York: Elsevier.
Dr. Aaron Blair for hemeI discussion and comments. Sandell LL, Zakian VA. 1993. Loss of a yeast telomere: arrest, recovery,

and chromosome loss. Cell 75:729-739.
Smith MT, Zhang L, Wang Y, Hayes RB, Li G, Wiemels J, Dosemeci
M, Titenko-Holland N, Xi L, Kolachana P, Yin S, Rothman N.
1998. Increased translocations and aneusomy in chromosomes 8
and 21 among workers exposed to benzene. Cancer Res 58:

REFERENCES

Aksoy M. 1988. Benzene carcinogenicity. In Aksoy M (ed): Benzene
Carcinogenicity. Boca Raton, FL: CRC Press, pp 113-151.

Dean BJ. 1985. Recent findings on the genetic toxicology of benzene, 2176_2_181' o
toluene, xylenes and phenols. Mutat Res 154:153-181. Tompa A, Major J, Jakab MG. 1994. Monitoring of benzene-exposed

Ding XJ, Li Y, Ding Y, Yang HZ. 1983. Chromosome changes in workers for genotoxic effects of benzene: improved-working-
pe;tientslwith chronic benzene poisoning Chin Med J (Engl) condition-related decrease in the frequencies of chromosomal
96:681—685 aberrations in peripheral blood lymphocytes. Mutat Res 304:

Eastmond DA, Pinkel D. 1990. Detection of aneuploidy and aneuploidYI- 159-165. . .
inducing agents in human lymphocytes using fluorescémestu an den Be.rghe H, Louwagie A, Broeckaert—Var? Qrshoven A, David G
hydridization with chromosome-specific DNA probes. Mutat Res Verwilghen R. 1979. Chromosome analysis in two unusual malig-
234:303-318. nant blood disorders presumably induced by benzene. Blood 53:

Eastmond DA, Schuler M, Rupa DS. 1995. Advantages and limitations of 558-566. ) ] ]
using fluorescencn situ hybridization for the detection of aneu- Wolman SR. 1977. Cytologic and cytogenetic effects of benzene. J Toxicol
ploidy in interphase human cells. Mutat Res 348:153-162. Environ Health Suppl 2:63-68.

Forni AM, Cappellini A, Pacifico E, Vigliani EC. 1971. ChromosomeYardley-Jones A, Anderson D, Lovell DP, Jenkinson PC. 1990. Analysis of
changes and their evolution in subjects with past exposure to chromosomal aberrations in workers exposed to low level benzene.

benzene. Arch Environ Health 23:385-391. Br J Ind Med 47:48-51.
Gray JW, Pinkel D. 1992. Molecular cytogenetics in human cancer dia§in SN, Hayes RB, Linet MS, Li GL, Dosemeci M, Travis LB, Zhang ZN,
nosis. Cancer 69:1536—1542. Li DG, Chow WH, Wacholder S, Blot WJ. 1996. An expanded
Hayes RB, Yin SN, Dosemeci M, Li GL, Wacholder S, Travis LB, Li cohort study of cancer among benzene-exposed workers in China.
CY, Rothman N, Hoover RN, Linet MS. 1997. Benzene and Benzene Study Group. Environ Health Perspect 104(Suppl 6):
the dose-related incidence of hematologic neoplasms in China: ~ 1339-1341.
Chinese Academy of Preventive Medicine, National Cancefhang L, Venkatesh P, Creek ML, Smith MT. 1994. Detection of 1,2,4-
Institute Benzene Study Group. J Natl Cancer Inst 89:1065— benzenetriol induced aneuploidy and microtubule disruption by
1071. fluorescencén situ hybridization and immunocytochemistry. Mutat
IARC. 1987. Benzene (Group 1). IARC Monogr Eval Carcinog Risks Hum Res 320:315-327.
42(Suppl 7):120-122. Zhang L, Rothman N, Wang Y, Hayes RB, Bechtold W, Venkatesh P, Yin

Kadam P, Umerani A, Srivastava A, Masterson M, Lampkin B, Raza A. S, Wang Y, Dosemeci M, Li G, Lu W, Smith MT. 1996a. Inter-



268 Zhang et al.

phase cytogenetics of workers exposed to benzene. Environ Health  aneusomy and long arm deletion of chromosomes 5 and 7 in the

Perspect 104(Suppl 6):1325-1329. lymphocytes of Chinese workers exposed to benzene. Carcinogen-
Zhang W, Piatyszek MA, Kobayashi T, Estey E, Andreeff M, Deis- esis 19:1955-1961.

seroth AB, Wright WE, Shay JW. 1996b. Telomerase activity iZhang L, Wang Y, Shang N, Smith MT. 1998b. Benzene metabolites

human acute myelogenous leukemia: inhibition of telomerase induce the loss and long arm deletion of chromosomes 5 and 7 in

activity by differentiation-inducing agents. Clin Cancer Res human lymphocytes. Leuk Res 22:105-113.

2:799-803.

Zhang L, Rothman N, Wang Y, Hayes RB, Li G, Dosemeci M, Yin S, Accepted by_
Kolachana P, Titenko-Holland N, Smith MT. 1998a. Increased A. Wyrobek



